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This thesis describes the design of a water table analog to simulate
and study the parameters associated with non-steady forces on turbine
blades. The reasoning used to develop the water table method of
analysis is presented, as well as the complete design details. The
table has now been constructed to the extent where preliminary data
has been generated to substantiate the design given herein.
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1.0 INTRODUCTION
Turbine blades experience complex static and dynamic load conditions.
They are required to operate in an environment of high temperature and
pressure, eg.
2150
F inlet for gas turbines and
1050
F for steam tur
bines at 3500 p.s.i. Present design trends are toward higher unit loads
(kw/lb), higher temperature operation and increased reliability. To
meet these demands and prevent failures, more refined design techniques
are required. At present, turbine blade failures are still occurring
and most are due to metal fatigue and occasionally creep.
1.1 TURBINE OPERATION
A turbine stage consists of a stationary row of inlet guide vanes or
nozzles followed by a row of rotating blades or buckets. Such a stage
can be represented by a cascade (Fig. 1). Modern axial turbomachines
consist of a number, possibly twelve, of stages in sequence along the
machine axis (Fig. 2). In a multistage turbine, high pressure steam
enters via the inlet nozzles and passes through the first rotating blade
passages, doing work as it expands. The first stage is primarily an
impulse (Curtis) stage. As the steam passes through successive stages,
less impulsive work is done and the final stages are mainly reactive,
doing work by airfoil action as the steam expands into the condenser.
Turbine blades are exposed to both static and dynamic loads. The static
load is due mainly to the steam or gas pressure acting on the blades.
The dynamic or fluctuating load is due primarily to wake action
(pressure shocks) resulting from the nozzles. As the steam or gas
flows from the nozzles, a turbulant wake is created at their trailing
edge. As the blades or buckets pass in front of the nozzles, they cut
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through the wakes resulting in a fluctuating (impulsive) load being
imposed on each blade (Fig. 3).
1.2 SOURCES OF EXCITATION
The vibrations which occur in a turbine can be the result of mechanical
errors or inherent in the design itself. Some examples of sources of
excitation are as follows:
(1) Runout in a set of revolving blades which would cause
excitation once per revolution.
(2) Misalignment of a nozzle which would excite each blade
once per revolution.
(3) The impulsive force resulting from wakes created by the
nozzles. This would be a function of the number of
nozzles a bucket passes per unit time, or nozzle
passing frequency (N.P.F.).
(4) The use of partial admission where some nozzles are
blocked off to provide more efficient performance can
cause certain eddies.
(5) Multiple flow inlets for better steam distribution can
create excitation at their inlet.
1.3 NEED FOR INVESTIGATION
Although the types of excitation that exist in a turbine are well known,
the real problem is to determine the magnitude or relative magnitude of
the exciting forces which result from each source so that dangerous
vibration levels in the buckets can be reduced or eliminated. To date,
reliable data such as this has not been generated. The purpose of this
thesis is to present a means of obtaining such data.
The importance of such an investigation can be exemplified by the tur
bine blade failure in December 1973 at the Ginna Nuclear Plant in
Rochester, New York operated by the Rochester Gas and Electric Corpora
tion. Although the complete details were not known at the writing of
this thesis, it is known that failure resulted from fatigue in a blade
root section. This caused a complete shutdown of the nuclear facility
for 14 weeks, resulting in an estimated loss of $85,000 per day. The
British Navy
(12)* has also documented several cases of blade failures
in marine turbines which were due to resonant vibrations resulting from
exciting harmonics of the nozzle passing frequency. Unlike turbines
which operate in a relatively narrow speed band, the marine turbine is
required to operate over a wide range of speeds. This makes it very
difficult to avoid operating at the natural frequencies, and their har
monics, for the many stages of blades in the turbine. Normally, a speed
vs. frequency (Campbell) diagram as shown in Fig. 4 is prepared during
design to analyze the system. This diagram serves to identify poten
tially dangerous operating speed regions which might cause severe blade
vibrations, and allows the system to be designed accordingly.
Some remedies have been found to suppress blade vibrations, but these
are not always economical or efficient. Clamping or lacing the buckets
together with a loose tie wire can help dampen the vibrations, while a
welded tie wire will alter the natural frequencies of the blades.
*( ) Indicates references listed at the end of thesis.
Fig. 4 - Campbell Diagram
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Fig. 5 - Blade Failure Locations


























Proper selection of the number of blades in a stage can force resonance
to occur at different rotational speeds and, possibly, at less damaging
power levels, but this is not always possible. Increasing the section
modulus of the blades and special material composition are also possibil
ities, but must be done so as to avoid introducing similar vibration
problems at other frequencies. The last alternative, that of selecting
design parameters to reduce vibration effects, is the goal of most
designers.
1.4 OBJECTIVES
In designing any system it is first necessary to define the objectives
and decide what information is desired from the system. For the water
table design, these objectives were as follows:
(1) Measure and compare bending and torsional forces of the
blades under various excitations.
(2) Study the effects of nozzle passing frequency and other
sources of excitation.
(3) Examine the influence of geometrical parameters such as
the axial gap between nozzles and buckets, pitch ratio,
and nozzle angles.
(4) Investigate the influence of flow disturbances upstream
and downstream of the cascade on the blades.
(5) Investigate the geometry and profile influence of
nozzles and buckets on blade vibration.
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(6) Simulate and observe the flow field in which turbine
blades operate.
1.5 SELECTING AN APPROACH
With these objectives in mind, it was evident that an apparatus of
maximum design flexibility was required. The objective now was to
select a versatile concept in keeping with the above which would pro
vide accurate results at a reasonable cost. The various alternatives
considered are outlined in Table 1. Static tests Vtere eliminated
because of the absence of rotational effects and the limited informa
tion they provide. Mathematical and computer models were omitted
because of the assumptions and approximations required in their use.
An actual turbine was considered too expensive and not easily adapted
to force measurements and diversified geometries. Therefore, a water
table analog was chosen whereby the flow of water through a moving
cascade simulates the flow of steam through a corresponding cascade.
The water table was relatively inexpensive and was excellent for provid
ing relative values. The absolute value accuracy was considered good
when compared to blade failures which have occurred at stress levels
believed to be only 10% of maximum strength. The water table also
provides an easy means of force measurement, diversified geometry and
flow visualization.
The flow in the water table differs from that in a turbine in that it
is radial rather than axial. The direction of flow and its relation
to the nozzles and buckets is, however, similar in both cases. The
ideal situation would be to have an infinitely long line of buckets
passing in front of the nozzles. A radial system approaches this
-9-
condition as the diameter increases.
1.6 WATER TABLE CONCEPT
A schematic of the water table concept is shown in Fig. 6. Water is
pumped from a holding tank through a flow control valve. It then flows
through a distributor and wire mesh screens designed to reduce flow
disturbances. The water flows upward and fills a large barrel before
flowing onto the table surface. The water then flows radially toward
the stationary nozzles mounted on the table top where it is directed to
the buckets which are attached to a support plate and rotating shaft.
The impulsive action of the water impinging on the buckets causes the
bucket ring to rotate. Speed of rotation is controlled by a friction
brake which simulates the generator load in a actual installation.
Upon flowing over the edge of the table the water is collected in a
gutter and returned by gravity to tne holding tank. Certain bucket rods
are equipped with strain gages mounted so as to indicate axial and tor
sional loads. The gages are connected through a slip ring device to a
bridge circuit, and then to an osci lli scope or recorder to monitor the
blade responses.
Since our purpose was to identify the sources of vibration that affected
blade response the most, it was important to eliminate any foreign
vibrations which would affect the system. The design was, therefore,
broken into three isolated units;
(1) The fluid delivery system, which was isolated by a
rubber seal from the table top to prevent pumping
and flow variations from being transmitted to the
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table surface. The water return was also isolated on
its own supports.
(2) The table surface over which the water flowed was
bolted to the floor and not connected to any other part
of the apparatus so as not to disturb the laminar flow
of water.
(3) The rotor and supporting structure was also bolted
independently to the floor so that rotation of the
blade assembly would be free of vibrations caused
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2.0 TURBINE BLADE THEORY
2.1 NOMENCLATURE
h_
- length of bucket
c - cord length
s - pitch length
g
-
gap or axial spacing from trailing edge of nozzle
to leading edge of bucket
B'
-
stagger angle of bucket
y1
- exit angle of bucket
<
- nozzle flow angle





k - number of nozzles per 360














subscripts are used to denote stator (nozzles) and
rotor (buckets), respectively (Fig. 7).
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Fig. 7 - Blade Parameters
Stationary Nozzles
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2.2 TURBINE BLADE PARAMETERS
Before the design of the water table could begin it was first necessary
to obtain a basic knowledge of turbine blade theory. This was obtained
by reading articles and books referenced herein. Although the subject
of what parameters are most important to turbine blade vibration has
been discussed by several of these authors, the complex interaction
between these parameters is not completely understood and there does
not appear to be total agreement as to which are the most important.
A summary of what is felt to be the more significant geometrical
(Fig. 7), dimensionless, and flow parameters will now be presented with
no attempt to indicate relative importance, although some will be
discussed later in depth.
Bucket-pi tch-to-noz?le-pitch ratio (.S|,/sR) determines the nozzle passing
frequency (N.P.F.) of the rotor-stator system. The N.P.F. is the number
of nozzles passed by the buckets per unit time. It is generally felt
that increasing the Sb/Sn ratio (by decreasing nozzle pitch or increas
ing the number of nozzles) tends to decrease the excitation level
resulting from wakes generated from the stationary nozzles (2).
Cord-to-pitch ratios (c^/st, and cn/sn) are a measure of flow smoothness
through the buckets and nozzles. The effect of increasing these ratios
is a relative increase in residence time of the steam within the nozzle
or bucket passage. This results in a more uniform velocity profile
across the passage, and fewer vortices and eddies occur at the trailing
edge of the nozzle or bucket. Fig. 8 is an example of a velocity profile,
The most important part of a nozzle velocity profile is the minimum
velocity band created at the trailing edge of the nozzle. The
magni-
-16-
tude and width of this minimum flow band directly influences the
excitation level acting on the buckets (15).
Fig 8 - Velocity Profile (17)
Trailing
Edge
The cord to pitch ratio also determines how much each nozzle or
bucket will effect its neighbor. As c/s approaches zero (i.e., an
isolated blade) interaction is minimal but the gap between the
nozzles or buckets is so large that the fluid passes through undis
turbed. As c/s approaches infinity, there is more effect of one
blade on another but the amount of work done by the fluid is increased.
For maximum efficiency, these effects must be balanced with friction
losses in the system (15).
Axial Gap (g) is one generally, agreed-upon parameter of considerable
importance. As will be pointed out later, there is some disagreement
as to the relationship of axial gap to
vibration stimulus, but in
general, increasing the axial gap tends to reduce vibration effects
because of the decreasing effect of wakes further downstream of the
-17-
stationary nozzles. Increasing axial gap tends to attenuate distor
tions exiting from the nozzle flow.
Exit flow and stagger angles {v ,K and B') not only define the reactive
forces on the bucket, but can have an influence on down-stream effects.
These angles influence the amount of energy transferred to the buckets
and the amount of disturbance at the trailing edge.
Velocity Ratio (V ) is the ratio of bucket speed to steam speed. A
complete understanding of this parameter is best obtained by analyzing
a velocity diagram such as the one described in Fig. 8.

















inlet angle of buckets
outlet angle of buckets
velocity of buckets relative
to casing
velocity of steam
relative to casing at inlet
velocity of steam relative
to buckets at inlet
velocity of steam
relative to buckets at outlet
velocity of steam
relative to casing at outlet
AB (tangential velocity)
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The velocities u, V-, and \l are considered to be absolute velocities
since they are relative to the fixed casing whereas u-|
and u* are
relative velocities being referred to the moving blades. The vector AB
is then the change in velocity which the steam experiences when passing
through the blades. If W is the steam flew through the blades in lbs.
per second then WV-j /2g is the energy entering the blades and WuVt/g
is the work done. Therefore, the efficiency of the system is ?uVt/V-| .
vo
=
u/vl 1S ^e ratl of the bucket speed to steam speed or velocity
ratio. For typical steam turbines with nozzle angles of approximately
20 , the relation between efficiency and velocity ratio has been shown
to be parabolic with the highest efficiency occurring at a velocity ratio
of approximately 1/2. The optimum velocity ratio would change with the
value of nozzle outlet angle (16).
Fig. 10 - Effect of Velocity Ratio Upon Efficiency (16)
Velocity
9 1-0 Ratio - V
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Reynolds Number (Re) - The wakes that exist in a turbine causing flow
distrubances are caused by viscous effects. It is, therefore, evident
that Reynolds Number (viscous) effects influence the local non-steady
flows. In general, turbine efficiency falls off sharply below a Re
value of 1 x
IO5
and is relatively constant above that value (16).
The modeling of these effects in a two-dimensional potential flow
analog such as the water table is difficult to achieve. The potential
flow analog is perfect when the ratio of specific heats of the gas is
2.0 compared with 1.4 for a perfect gas, 1.3 for superheated steam or
1.1 for wet steam. Viscosity, however, plays only a minor role in the
overall flow and since velocity ratio and pressure drop in the water
table are the same as in the actual machine, the modeling is considered
representative.
Mach number (M) can be a limiting factor in turbines of high steam
velocity. Mach number is defined as fluid velocity/local acoustic or
sound velocity. The flow is subsonic for M< 1 : critical for M = 1; and
supersonic for M>1. At values of .7 or less, the Mach number appears
to have little effect on turbine efficiency. At values approaching 1,
however, shock waves are produced on the blade surface with cause
separation of the boundary layer and a subsequent pressure gradient
which results in increased drag and lower efficiency. This separation
of the boundary layer can also add to the turbulence at the trailing
edge of a nozzle, increasing the vibration stimulus to the buckets (16),
2.3 PREVIOUS WORK
A well recognized source of vibration stimulus is that which arises
-20-
from the exciting flow of the individual nozzles (nozzle passing fre
quency
-
NPF) . When wakes or periodic flow disturbances from the
nozzles coincide with the natural frequency of the blades, a resonant
condition is generated, which has been known to result in fatigue
failure of the buckets. In the design of earlier trubines it was
relatively simple to eliminate these first order distrubances by
selecting a pitch ratio which would not come into resonance. Higher
order harmonics of NPF were usually neglected, as they were felt to
have little energy input to the blades providing resonance was avoided
(2) (3). Today we have turbines designed with several stages which are
required to operate over a wide range of speeds (eg. Marine Turbines).
This requires more knowledge of the higher natural frequencies and the
strength of the excitations involved in these blade groups.
Basic turbine blade studies were begun in the early twentieth century
by authors such as; Stodola who experimented with pressure distribution
in nozzles; Soderberg who developed the basic ideas of vortex flow, and
Smith who studied the kinematics of mechanisms (16). Many of the more
recent papers were reviewed in the course of this design to gain insight
into turbine blade technology and some are worthy of summary at this
point.
Prohl and Weaver (3) (13) in 1956 introduced a method for calculating
vibration frequency and stresses in turbine blades. Their method involved
representation of a banded group of blades by a series of concentrated
weights and torsional inertias located along the blade height. Assuming
the center of twist to coincide with the center of gravity and the
principle axis of inertia oriented in the tangential and axial direction
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resolved the problem into two vibration modes - tangential bending and
group torsion. The exciting force was then resolved into tangential,
axial and torsional components and by satisfying blade tip deflection
continuity, a series of determinants for the calculation of natural
frequency and blade stresses were developed.
The work of Prohl and Weaver resulted in the generation of "bouncing
ball"
curves such as the one in Fig. 11 where the resonant response
factor
"K"
is plotted as a function of k/m (number of nozzles/number of
buckets) times the harmonic order of excitation "n". An important
implication of their curves is that proper selection of nozzle and
bucket pitchs can result in reduced resonance (at K = 0).









Several assumptions are made in the derivation of these curves which
compromise the solution to some extent. As well as those mentioned
above, Prohl and Weaver also assumed the
stimulus to be uniformly dis
tributed along the length of the bucket.
Buckets with taper and twist,
however, can be expected to have varing stimulus along their length
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which.can be important. Although their work served as a good background,
their method was soon found to be incomplete when blades which were cal
culated to be at a safe leval began to fail (2).
Heymann (2) in 1969 began a program to expand Prohl' s calculation method
and parametrically determine the excitation more accurately. Prohl 's
method had assumed an excitation represented by a sinusoidal variation
in the force field through which the blades travel. Heymann deduced the
magnitude of the excitation forces from experience and experiment and
set out to determine the dependence of vibratory stresses on turbine
variables; such as, torque, mass flow, velocity ratio and axial blade
spacing. He also constructed a test facility which consisted of a
single stage turbine driving a water brake (using 162 rotating blades
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at the base of the blade which is considered the
maximum stress; Y the "fractional
stimulus"
which is the ratio of the
fluctuating component of force to the steady component; S the "log
decrement", a damping factor; K the "Resonant response
factor"
which
depends on the shape of the blade group and blade spacing (it related
the efficiency with which energy is transferred to the resonant blade
group) and o-.a stress distribution
factor.
One of the most important points brought out by Heymanns report is that
blade stresses are not proportional to torque in any simple manner and
that damping and "fractional
stimulus"
are variables which depend upon
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operating parameters. The correlation between measured and
predicted
stresses in his experiments were not all in good agreement. Some of the
discrepancies between the 70 and 126 nozzle configurations were attributed
to differences in trailing edge thickness and axial spacing This led
to the use of a "representative
stress"
value used in the remainder of
his investigation which he obtained by averaging the stresses of several
blades for a particular run.
One interesting observation made by Heymann and other authors was the
non-linear dependence of measured stress values upon gap or axial spacing.
The relation between stress and axial spacing obtained by Heymann is
shown in Fig. 12 below.
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One would expect that increasing axial gap would
reduce the effect of
the wake action on the rotating
blades and, therefore, the resonant
amplitude and stress. But it appears that
this is dependant upon the
velocity ratio and possibly
the number of blades and their chord to
pitch ratios as the maximum stress is
not always found at the smallest
gap position.
This also relates to another finding of Heymanns where he
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found an apparent relation of stress to Mach number. Both the 70 and
126 nozzle configurations showed a maximum stress at Mcri.o and a
minimum stress at M^-.7. Since increased velocity ratio requires an
increased Mach number (all other conditions being equal) this may be
due to the type of boundary separation mentioned earlier which would
cause more turbulance and stress.
Several types of static tests have been conducted by people in an
attempt to learn more about turbine blade vibration. Malavard (15) used
a two dimensional rheoelectric model which uses a scaled model placed
in a shallow tank containing an electrolyte. When a potential is
applied across the tank, a static electric field, is created within the
tank the value of which can be measured at any point by a probe dipped
into the electrolyte and the potential fed to a bridge circuit. This
analysis completely ignores compressibility, rotational, and viscous
effects and provides results only in the form of streamlines. Rateau (16)
conducted some very early experiments around 1909 in an attempt to calcu
late the energy change a blade experiences. Steam was passed through
stationary blades whose pitch was one-half the width of the blade. His
results indicated that the effect of varying the relative steam velocity
was small while increasing steam velocity caused a greater energy change.
Rateau 's experiments were later questioned due to the small number of
blades tested and the possibility of incomplete steam distribution
through the cascade.
Another type of static test is one in which air is used as the operating
medium. Such a test was conducted by C. K. Huong and W. J. Kearton at
the University of Liverpool in 1947 (16). In order to obtain a
-25-
Reynolds number of sufficient magnitude, extremely large blades (8 inches
wide, 12 inches high) were required. The blades were made hollow from
thin sheet brass with pressure measuring holes provided on both the
concave and convex surfaces at mid height. A duct was then constructed
to the exact height and length of the blade group through which air was
introduced. The experiments showed that the positive pressures on the
concave side were relatively constant while the pressure on the convex
side was subject to large changes, and under pressures which are likely
to cause flow separation and a loss of energy.
2.4 SUMMARY
Significant progress in the field of turbine blades has been made with
the use of static cascades, mathematical models and tests of actual
turbines. These methods, however, also have their limitations. Static
cascades, although they provide an easy and inexpensive way of monitoring
'the responses of blades to vibratory stimuli, ignore the effects of blade
rotation. Moving blades passing in front of stationary nozzles in an
actual turbine create conditions which are significantly different from
those in a static test. The moving blades will see a varying impulse as
they pass in front of various sections of the nozzles and the wakes they
create. Actual turbine tests on the other hand provide the most
accurate data but lack diversity because of the high cost to make
geometry changes. And until recently it has been very difficult to





F) . Mathematical and graphical results can give a
good indication of certain trends but it must be remembered that these
are approximations based on assumptions which are not always valid.
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Therefore, there appears to be a need to establish what factors or
parameters influence blade vibrations the most and their approximate
values. The intention of the design that follows is to provide a means
of producing reliable data which will substantiate previous work and
provide additional information for the design of turbine blades.
-27-
3 . 0 DESIGN CRITERIA
The water table system was designed to meet the project objectives
established in Section 1.4. To do this, the system was designed for
parametric testing over a wide range of geometric values and flow
variables. The basic criteria for each part of the design are presented
in this section and further detailed by drawings in Section 7.
3.1 NOZZLES AND BUCKETS
3.11 Nozzle and Bucket Configuration
Any number of nozzle-bucket configurations were possible depending on
their profiles. As a starting point for testing, a typical profile was
supplied by the United States Navy Department (Drawings 1 and 2). From
the chord lengths given, the pitchs were determined by selecting a chord
ratio of 1.5 for both nozzles and buckets.







The value of 1.5 for chord ratio was chosen because of its use in actual
turbines and previous experiments.
Since the buckets were to be attached to vertical carrier rods, it was
necessary to attach them at the center
of gravity of their cross section,
In this way resultant forces acting
at the centroid are sensed and meas
ured directly without producing moment effects. Although the nozzles
are attached directly to a support ring, it is also necessary for them
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to rotate about their center of gravity when. adjusting the nozzle angle,
The center of gravity for each was determined by enlarging their cross
sections approximately four times graphically and then partitioning the
cross section into
1/8"
sections. The center of gravity was then cal
culated by the summation process detailed on pages 60 thru 65. It was
felt that this calculation method was sufficiently accurate in view of
the fact that location accuracey (drilling) could only be made to
within two or three percent.
Using this information and the table diameter (which was approximated
and will be explained later), the required number of buckets could be
estimated using the required pitch (s,) and table circumference.
On a
72"
diameter table, the bucket circle
could be approximately 60". Therefore,
Circumference = 60 7T =
188.4"
No. of buckets =r Circum./sb
~ 188/1.752 110
Using the geometrical relations shown in Fig. 12, the number of
nozzles corresponding to 110 buckets could then be calculated once the
radial distance to the nozzle center of gravity was determined.







The radius from the bucket center of gravity to the center of the table
(rb) could be determined using the chord formula:
L = 2r Sin h Q








Using the values found for the center of gravity, radius x to the









Assuming an axial gap of which was arbitrarily chosen, radius
x'




The determination of Y then forms a triangle from which the nozzle
radius (rn) can be found.














The angle A is determined from the nozzle orofile
iotz'
Since the nozzle is tipped
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To determine the angle between adjacent nozzles, the chord formula




Sin HO = 2.337/2(28.083) = .0416
9 =
4 46'
For number of nozzles
36074.7666
= 75.53 nozzles
Since a whole number is required, 76 nozzles were chosen. This required
a slight reduction in the nozzle pitch length to
;n




Which is less thsn 1% change
The manufacture of such a large number of nozzles and buckets was the
next area of concern. Although it was not necessary to exactly duplicate
a specific blade profile it was imperative that each bucket or nozzle be
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the same in relation to each other. Since the response from the blades
and not the blades themselves were being investigated, the material to
be used in their construction was also somewhat flexible. The following
manufacturing possibilities were investigated:
(1) Injection molding - This would give good repeatability
but the unit cost was high.
(2) Extrusion molding - This gave relatively low unit
cost but uniformity was questionable.
(3) Machining - Although time-consuming, this method appeared
best in view of cost and equipment availability.
A series of machining cutters and fixtures were then designed and
fabricated whereby each of the nozzles and buckets were machined out of
acrylic sheet. Since surface roughness can have a significant effect
upon fluid turbulance it was considered important to polish each of the
blades to a smooth finish after machining.
3.12 Attaching the Nozzles and Buckets.
Since the stationary nozzles were not to be instrumented, it was decided
to anchor them firmly to the table. A support ring constructed of
h"
thick acrylic was made with 76
1"
diameter holes located at the calcu
lated radius and pitch for the nozzles. The nozzles were bolted with
%"
screws through their center of gravity to the support ring with the aid
of washers. This permitted approximately
3/4"
radial and tangetial ad
justment and complete rotational freedom. The entire nozzle assembly was
drawn tightly to the table by bolting five of the nozzles directly through
the table at
72
intervals around the circumference (Fig. 13).
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The buckets were attached to vertical rods at the center of gravity of
their cross section. These rods were in turn attached at their upper end
to a blade support plate which will be described in detail later (Fig. 14)
fe <^
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flexibility in the positioning of the rods and buckets
in the radial and tangential direction was provided in the same manner as
the nozzles. Vertical positioning was achieved by threading the top of
the rod.
The rods (Drawing #3) used to attach the buckets to the support plate
were made of aluminum for two reasons;. (1) to prevent corrosion and
(2) because of its responsiveness to torsional and bending deflections.
3.13 Instrumentation of the Rods
The rods to be used for obtaining force and vibration measurements were
made differently from the others. Initially, only one rod was equipped
for instrumentation. This rod was made with two flat areas
1/8"
thick
milled at the center of the rod and oriented
90
from each other. When
attached to the bucket center of gravity, the rod is oriented so the
one flat is radial to the bucket system and the other is, therefore,
tangential (Fig. 15).





Strain gages were then mounted on both of the flat areas to obtain
radial, tangential and torsional deflections. A three gage 45 rosette
with temperature compensation was used (SR-4 Type Faer - 12RD-12-Sx).
The signals from the gages were fed to a type
"Q"
plug-in oscilloscope
and pre-amp recorder combination to obtain the response signals.
The means by which the signals from the strain gages were sent to the
recording instrumentation presented yet another problem. With the
gages attached to the bucket rods, the associated wiring had to be
threaded up through the hollow main shaft and to a slip ring device.
Several commercial grades of slip rings were investigated but were
either too expensive and/or could not guarantee low noise interference.
This let to the development of a rather unique type of slip ring
arrangement (Fig. 16) whereby several concentric grooves were cut into
non-conducting acrylic.












A thin copper wire was laid in each groove and a lead wire was run to
a particular strain gage element. The grooves were then filled with
liquid mercury and covered by another non-conductive plate which had
matching ridges with thin strips of copper attached. The lower plate
rotated against the upper plate on a thin greased rib. The signals
from the gages were thereby transmitted to the copper elements, through
the mercury, to the instrumentation.
3.2 FLOW CONSIDERATIONS
3.21 Sizing the System
In order to investigate the entire range of flow from simulated subsonic
to supersonic flow conditions, requires the Froude number (Fr) to
extend above and below the critical value of 1.0. This is also true
of the Mach number (i.e. Fr, M <. 1 is subsonic, Fr, M > 1 is supersonic).
Since there was no convenient analytical procedure to determine what the
height of the water at the blades would be, it was assumed to be one
inch at the cascade. The effects of gravity on fluid motion have been
shown to depend on the Froude number by the following relation from which
the maximum flow velocity could be calculated. For Fr = 1.0.
Fr = V/Vgy
V = 1-/W
= 386.4 = 19.6 in/sec





The bucket radius to the center of the table was previously calculated
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to be 30.751" from which the maximum flow requirement could be cal
culated.
Flow rate = area x velocity
= 7Td y V
= 3.14 (61.5)(1)(19.6)
= 3785 in3/sec
or 3785 in3/sec/231 in3/gal = 16.38 gal/sec
= 983 G.P.M.
The selection of a pump to deliver this volume of water was made by
specifying an eight inch supply line at a flow rate of 1,200 G.P.M.
The amount of pumping head (h) required is related to the flow velocity
(V), pipe diameter (D), length of pipe (L) and friction coefficient (c)
by the formula
V = c-/hD/L+54D (10) (11)
Where V = Flow rate/pipe area = 1200 GPM (231) in3/Gal/60 sec/min V
(4)2
in
V = 4600/502 = 92 in/sec
For a 15 foot length of pipe
92/12 = 43.3-/h (8/12)/15 +
~fh
= 7.666(7.1)/43.3(.8) = 1.57
h = 2.5 Ft.
Since it was necessary to also pump the water up approximately three feet
to the table surface, a Goulds pump capable of delivering 1500 G.P.M. at
a ten foot head was selected.
The most important consideration in the design of the water table was to
provide a smooth laminar flow of water over the table surface to insure
2
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blade responses were the result of nozzle stimulus and not originally
inherent in the flow. In order to introduce this volume of water
radially in a laminar fashion, it was first necessary to streamline the
flow before it was distributed to the table surface. This was accom
plished by designing a flow distributor or diffuser section (Drawing #5)
which increased the inlet area from an
8"
diameter pipe to a
23"
square
opening over a distance of approximately 2h feet. In addition, 100 mesh
screens were welded in the flow distributor to help dampen the turbulance
created by pumping. The distributor was designed with a slightly larger
outlet area than the adjoining
22"
diameter barrel which is used to carry
the water to the table. This, along with additional screening within the
barrel helped to create a small back pressure to further smooth out the
flow. At 1200 G.P.M. the flow in the barrel is V = Q/A = 12.5 in/sec.
With this final discharge of water to the table, it was decided to pro
vide for even more flow smoothing by installing screens along the peri
meter of the barrel opening on top of the table. This would tend to
build a dam from which the water would flow.








At this point, concern developed over the possible generation of a
hydraulic jump either prior to the screening on the table or near the
cascade. A hydraulic jump is a phenomenon in open channel flow where
shooting water can expand into a greater depth. This occurs only when
the Froude number is greater than 1.0 which causes the small waves which
propogate with flow to be pushed down stream. This forms a standing wave
of greater depth than the normal flow in which energy from the main flow
is converted into turbulance (Fig. 18). (11)









Since the formation of a jump at the screening is dependant upon the
hydraulic resistance, this could be controlled by selecting the proper
mesh and height of screen. This was born out in an experiment conducted
with a table top prototype whereby it was shown that screening could be
applied without generating a hydraulic jump. Formation of a jump at
the cascade could not be predicted because the water height at that
point could not be obtained. However, the water flow rate could be
regulated to control this.
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3.22 Hydraulic Circuit
Fig. 19 shows a schematic of the hydraulic circuit. The water is pumped
from a 6,000 gallon sump tank using a Goulds pump capable of delivering
1,500 G.P.M. This method of delivery was chosen mainly because of lab
facilities available to us. The flow is controlled by a
8"
butterfly
valve at the pump outlet. An orifice plate was chosen to measure the
flow rate because of its inherent accuracy over the flow ranges involved..
The connection between the barrel outlet and table top was made by band
ing a flexible piece of neoprene between the two so "as to keep the delivery
system dynamically isolated from the table surface. This prevents the
transmission of any vibrations in the flow system to the table where It
might affect the streamlined flow. The water is returned to the sump
by a gravity flow gutter which does not contact the table or other
supports, again, to prevent the transmitting of transient vibrations.
The gutter was designed with a
3.2
taper starting at the opposite end
from the discharge point to permit a flow of approximately '5,000 G.P.M.
The oversized capacity of the gutter was provided to prevent splashing
when the water discharged from the table to the gutter.
















The flow through on orifice plate Fig. 20 is expressed by
Q = cA-/"2g/^Ap (8) (9)
Where Q is the actual flow rate, A is the cross sectional area of the
orifice opening and Ap is the pressure drop across the orifice. The
discharge coefficient (c) is related to the Reynolds number as shown













Therefore, it is important to obtain a flow of high Reynolds number
( > 105) through the orifice to maintain a constant discharge coefficient.













orifice was more desirable to reduce turbulance and resulted
in a Reynolds number of
R = 4 m/fr-d^ Where m
is the mass flow rate and f\
is the kinematic viscosity.
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R = 4(1200)(60)(8.33)/(4.8)(2.37)/12
R = 8 x
IO5
(For 1200 G.P.M.)
Since this value of Reynolds number is in the area of constant "c",
the
4.8"
orifice was considered acceptable. From the previous equation;
Q = c AV2g/eAp
1200/60 (231)/1728 = .62
(3.14)(2.4)2
a p/.2
Gal/min/sec/min in3. gal/in /Ft3 =






which is the resultant pressure drop at a flow rate of 1200 G.P.M. The
optimum locations for the pressure pickups were found to be at one pipe
diameter from the inlet (8") and .6 pipe diameter from the outlet (4.5")
(8). The pickups were then fed to a manometer to obtain the pressure
differential .
3.24 Gutter
The flow of water in the gutter was approximated by formulas used in
open channel turbulent flow for which the flow vleocity is
V = 1.486/n [A/p]
2/3WsTn*'
(7)
Where p is the wetted perimeter,
A the cross sectional area,
x'
the
slope of the channel and n the friction factor (.013 for steel). By
arbitrarily selecting a slope of
3
an approximate square cross section
(A'




















Since each half of the gutter system was to be tapered, this really
implied that an
8"
square gutter could handle 2,400 G.P.M. Although
this size seemed adequate the gutter was made
12"
square to allow for
splashing and the fact that the water was being supplied all around the
perimeter creating a great deal of turbulance.





3.3 TABLE SURFACE AND SUPPORTS
Upon investigating the various turbine parameters, it was found that
specifying the bucket chord to pitch ratio and the number of buckets,






Pitch x No, of Blades
Using a cb/sb ratio of 1.5 and a chord length of
3"
(estimated from
previous experiments), a bucket pitch of
2"
was calculated. Arbitrarily
selecting 100 buckets then determined a value of
63"
for the diameter of
the rotating blades. A table diameter of
72"
was then selected. Since
the variables in our arrangement could be made to accommodate any number
of configurations, this size seemed both adequate and convenient and it
provided enough room for additional downstream nozzles if desired. A
table of square design was considered to simplify construction of the
table and gutter system, but this was ruled out because of possible
disturbances which might be created at the corners and fed back into
the flow field.
Three major design considerations were to be satisfied for the tabletop:
(1) That it be strong enough to support the weight of
the water.
(2) That flow visualization be unhampered.
(3) That the surface be smooth so as not to create flow
disturbances.
The only material which appeared to satisfy all of these conditions
was
cast acrylic sheet. This also afforded a light-weight, low-cost,
easy-
to-machine material which could be handled quite easily.
The supporting structure for the table was
designed to provide as much
open area as possible for future flow visualization studies. Since a
considerable amount of space was required beneath the table for the
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flow distributor, a welded over-hung framework of angle iron design
was used which translates the water gravity load to mainly tensile and
compressive stresses in the framework (Drawings #8 and #9). This pro
vided a light-weight, low-cost, easy to fabricate and assemble structure
with a minimum of deflection. Assuming a maximum of
4"
water height





r2)(4) (8.33)/231 = 533 Lbs.
The weight of the
h"












Using 1000 lbs. as a design load (P) the maximum deflection ( 5 ) of the
support assuming
l/8th
the load to be concentrated at the center of each
arm was :
$ = PL3/48EI = 125 (19.75)3/48(30)(.2)(10) (4)
Where I is the monent of inertia = .2
in^
=
Since this is less than the thickness variation in the acrylic sheeting,
it is neglectable as is the stress in the beam.
The use of acrylic for the table top presented a problem in that the
thickness uniformity was far below the tolerance level we wished to
accept for the table to blade bottom clearance. As a result, leveling
pads were included in the framework to absorb these differences and any
framework deflections. Leveling of the table was accomplished with the
use of a bubble level and adjustment of the leveling screws. In
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addition, the bending of the plate sections between supports was
investigated. The maximum deflection at the center of the unsupported
section was estimated by the formula for the maximum deflection of a
rectangular plate with uniform loading, supported about its perimeter.
6 Max = c q
a4/Eh3
(6)
Where q is the load per cubic inch, a is the shortest side of the plate,







4" Max water height)





plate would have a deflection of
S Max = (.ll)(.25)(4100)/3.5 x
IO5
(.125) =
Since the loading and geometry of the plates used were not exact, this
deflection is only an approximation, but it did, however, indicate that
relatively large deflections were possible. The effects of this deflec
tion could not yet be determined and it was decided to examine this at
the completion of the project and if necessary, cement ribs to the
lower surface of the table sheet for additional support and rigidity.
A considerable amount of thought was given to isolating vibrations from
the framework, but since any such system would require slight movements
of the frame, this was ruled out. It was decided to fix the frame to the
laboratory floor as rigidly as possible, thereby eliminating movements




The rotor mechinism to which the blades were attached was used to move
the blades around the table top (Fig. 23). This involved three areas
of design.
(1) A large flat disk to which the blades were attached.
(2) A center shaft to support the disk and rotate with it
in bearings.
(3) The supporting structure for the disk and shaft.




Structure ~"\ Main Shaft
Support Plate
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3.41 Blade Support Disk
The blade support disk was also made from cast acrylic sheet for the
same reasons mentioned previously. In order to provide for radial and
any other adjustments of the buckets, in the plane of the table, enlarged
holes were drilled for the bucket rods. Using washers larger than the
holes, provided flexibility of in all directions (Fig. 14).
The original intent was to design a disk which could be used for
numerous blade spacing configurations. This, however, required several
holes in the disk which would weaken its cross section. Therefore,
since the disks are relatively inexpensive and are designed to be changed
easily, it was decided to provide a separate disk for each blade spacing
configuration.
Calculation of the rotor disk deflection under its own weight plus that
of the blades indicated that stiffening of the disk would be required.
The formula for the deflection of a circular plate exposed to uniform





Pa2/Eh3 (Reference 3, Cases 3 and 8)
Where the constants of geometry k-j and k,, are equal to .7 and .4
respectively, q the uniform loading is the density of the acrylic sheet
(.04 Lbs/in2) and the concentrated load p represents the weight of the
rods and buckets estimated at 50 Lbs. (Fig. 23). Therefore;
S= + /3.5 x 105(
=
1.1"
A cantilevered stiffener was chosed to absorb this deflection because it
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could easily be anchored to the support plate. With eight stiffeners
equally spaced around the disk, each one could be treated as a cantilevered
beam to determine its size. (Fig. 24).




The deflection for this type of loaded beam is (4)
S = PL3/3EI + WL3/8EI
Allowing for a maximum deflection of
= 50(24)3/24(30)(10)6I + .02(r )(36)2(24)3/64(30)(10)6I








angle iron stiffener with I = .19 in
was chosen.
3.42 Main Shaft
The main shaft (Drawing #10) had to be strong enough to support the
entire blade assembly, be adjustable in all directions for easy
assembly and alignment and provide smooth rotation of the assembly.
A
Zh"
diameter thick wall steel pipe was selected not only for its
strength but the hollow center could be used for wiring access from
the blades to the slip rings atop of the shaft.
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Smooth rotation with an absolute minimum of runout was necessary to
prevent either transient or sustained vibrations from appearing on the
surface of the flowing water before it enters the inlet guide vanes.
To accomplish this a precision thrust bearing of high radial stiffness
capable of carrying 100 times the design load was chosen. With this as
the load bearing, an intermediate ball bearing was designed into the
system to provide accurate alignment arid minimize runout. Since both
the upper and lower bearings required three dimensional adjustment to
permit ease of assembly and alignment, adjustable retaining rings were
*
designed (Drawings #11 and #12). The top of the main shaft was also
designed with threads so that vertical adjustments of the entire
assembly could be made. Additional bearing surface lengths were pro
vided to allow this.
Finally, the main shaft had to be designed so as to accept some type of
brake system so that the speed of the rotor could be controlled to
specified values of velocity ratio, a basic design parameter.
3.43 Brake
In order to design the brake it was first necessary to determine the
maximum blade force and resultant torque generated by the system. It
was previously mentioned that the efficiency of a
cascade was:
eff = 2 u
V^Vn2
Where u is the bucket velocity, Vt is the
tangential velocity of the
buckets and V] is the
inlet velocity of the fluid (16).
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If the assumption is made that maximum torque occurs at maximum
efficiency (100%) the relation
Vt
= V12/2u
is obtained. The maximum tangential velocity V is then found by
differentiating the equation and setting it equal to zero.











u/V-| was earlier defined as the velocity ratio which we found to have
an approximate value of h at maximum efficiency.
This implies
Vt MAX
= V.j2/V, = V-, or 19.6 in/sec
The tangential force can then be expressed by (16)
Tan Force = w V./g
Where w = lb/sec flow




radius the total maximum torque generated would be
Torque Max = 8.4 x
30"
= 252 in-lbs
It should be noted that this calculation is based on the assumption of
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a 1 inch depth of water at the bucket entrance. The amount of torque
generated by the system will then be a function of the fluid height for
a particular flow rate (Fig. 25) since the height of flow is directly
related to the fluid velocity (V,).







IXS .50 3TI5 500
Torque (in-pounds)
After determining the maximum amount of torque which could be generated
by the rotating blade set, it was felt that such a small amount could
be dissipated by a friction brake without inducing additional vibrations.
The type of friction brake used was a nylon strap wrapped around the
main shaft. Speed control was obtained by tightening or loosening the
strap to vary the tension. In addition to the friction brake, several
other types of brakes were investigated including electrical and fluid.
It was decided to leave room at the top end of the main shaft to provide
such a brake in the event it was needed.
3.44 Supporting Structure
The structure for supporting the entire blade assembly and main shaft
(Drawings #14 and #15) was studied from two points of view. It could
be supported from above using existing building steel or a floor
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mounted frame could be designed. Supporting from above would have been
less costly from both a labor and materials point of view, but it limit
ed the mobility of the entire unit and access to the bearings, Therefore,
a floor mounted frame was decided upon.
The actual weight which the structure had to support was very minimal
(Approximately 200#) but concentrated over the center of the table.
An
"A"
frame type of design was, therefore, chosen because it provided
a relatively short unsupported span at the load carrying point and was
self supporting without limiting access to the table (Fig. 23, Draw
ings #14 and #15). In order to obtain a high degree of rigidity and
structual dampening a
4"
steel I beam cross section was chosen. To
provide an easy means of handling and assembly, the framework was
broken down into 4 vertical columns and 4 angled sections. The mating
surfaces were cut at 45 angles and mounting brackets welded to them to
allow the sections to be bolted together with minimal shear force on the
bolts. An angle iron tie bar assembly was also added to increase
strength in the upper section and provide a mounting pad for the lower
bearing.
The incorporation of vibration isolation between the floor and the
support again presented the problem of slight movements which result
with isolators and dampeners. The close tolerances required between
the table top and blades prevented the use of any such equipment
and
the framework was bolted on top of isomode pads, firmly to the floor.
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3.5 VIBRATIONS
Throughout the design of the water table, it was important to consider
the effects of extraneous vibrations. The following constitutes the
primary considerations.
(1) The design was made up of independant components to
avoid transmitting vibrations from one to another.
(2) The support and table frame, being secured to the floor,
could possibly pick up vibrations transmitted by pump
imbalance or other laboratory equipment. It was, therefore,
necessary to locate and recognize these disturbances when
operating the water table so they could be segregated out.
(3) The flow distributor was mounted on rubber pads to isolate




(4) The table itself was suspended on leveling pads which made
it less sensitive to external sources which could induce
waves in the flow; eg., standing waves in a coffee cup when
set onto a vibrating surface.
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4.0 RESULTS
At the writing of this thesis, only limited results have been obtained
on blade vibration. Sufficient testing has, however, been done to
demonstrate that the water table will function satisfactorily according
to the design requirements. The following results have been obtained:
(1) The strain gage signals which resulted were very strong
and well defined. The natural frequency of the bucket
and rod, nozzle passing frequency, effects of blade
misalignment and partial arc disturbances, are all
shown very clearly (Figs. 4a - 4c).
(2) The flow of water over the table top was smooth and
laminar. This was checked by introducing dyes into
the flow and observing the streamlines (Fig. 4d).
(3) The screening which sits on top of the table around the
perimeter of the outlet is essential in maintaining
smooth flow. The screening was found adequate up to a
flow of 800 G.P.M. at which point water begins to flow
over the screening because of the back pressure created.
Higher screening is not presently possible because of
the height limitation between the table top and disk.
(4) The amount of flow available is more than adequate for
obtaining results. No hydraulic jumps in the flow
have
been noted.
(5) Rotation of the rotor without water flow resulted in very
little response of the strain gages indicating smooth
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vibration free rotation under no load. Approximately 5 micro
strain were noted that appear to be a result of the slip ring
mechanism.
(6) In the tests run so far, all responses appear to be due to
flow conditions. The system does not appear to be sensitive
to extraneous vibrations.
(7) Application of the friction strap brake around the main shaft
resulted in excessive speed variations and large recorded
oscillations which could not be controlled. This apparently
was caused by a stick-slip condition between the strap and
main shaft. As a result the design of a D.C. motor brake
was undertaken and had not been completed at the writing of
this thesis.
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Fig. 4c - Partial Arc Disturbance












(1) The water table is a good approach for investigating blade
responses and a rationale design has been presented.
(2) The water table has been accurately constructed to practical
design requirements and has proven to be functional.
(3) The design has demonstrated adequate or superior ability in
(a) providing the proper flow conditions
(b) electrical sensitivity
(c) minimizing extraneous vibrations
(4) In general, the results indicate that the water table exhibits
strong potential for becoming a useful tool to obtain informa
tion about turbine blade vibrations. It should yield results
which indicate the relative influence of geometrical parameters
on blade excitation. The application of colored dye and high


























It is recommended that
(1) A test program be initiated to investigate the various
parameters mentioned herein and determine their effect
on blade vibrations.
(2) Continue the development of an electrical brake (since
demonstrated) to better control the velocity ratio.
(3) High speed movies be taken at the nozzle-blade interface
and wake regions to better understand the flow mechanism.
(4) Develop a flow theory for predicting forces which can be
checked by measurements with the water table.
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7.0 DRAWINGS
# 1 - Bucket Profile
2 - Nozzle Profile
3 - Bucket Rods
5 - Flow Distributor
6 - Gutter Development
7 - Gutter Framework
8 - Table Support Frame
9 - Table Support Frame
10 - Main Shaft
11 - Upper Bearing Mount
12 - Lower Bearing Mount






















CALCULATION OF BUCKET CENTROID
Lrtition # H (in.) X (in.") Y (in.) Area (in. ) XA
1 .562
.125 .381 .0702 .0087
2 .625 .250
.625 .0781 .0195
3 .700 .375 .850 .0875 .0328
4 .750 .500 1.095 .0937 .0468
5 .800 .625 1.340 .100 .0625
6 .875 .750 1.597 .109 .0817
7 .875 .875 1.812 .109 .0899
8 .930 1.000 2.115 .116 .166
9 .980 1.125 2.365 -.122 ' .137
10 1.040 1.250 2.625 .130 .162
n 1.100 1.375 2.850 .137 .188
12 1.190 1.500 3.065 .148 .222
13 1.310 1.625 3.275 .163 .264
14 1.420 1.750 3.490 .177 .303
*? I.56O 1.875 3.680 .195 .365
16 1.700 2.000 3.900 .212 .424
17 I.85O 2.125 4.115 .231 .491
18 2.000 2.250 4.310 .250 .562
19 2.125 2.375 4.472 .265 .625
20 2.250 2.500 4.625 .285 .712
21 2.310 2.625 4.780 .288 755
22 2.T75
2.%0
2.750 4.880 .297 .816
23 2.875 5.035 .306 .880
24 2.500 3.000 5.150 .313 .93?
)25 2.520 3.125 5.230 315 .984
26 2.550 3.250 5.305 -319 I.036
27 2.570 3.375 5.385 .321 I.083
28 2.600 3.500 5.475 .325 1.137
29 2.625 3.625 5.562 .328 I.189
30 2.630 3.750 5.615 .328 1.230
31 2.660 3.875 5.705 332 I.280
32 2.690 3.000 5.745 .336 1.335
33 2.690 4.125 5.815 .336 1.386
34 2.700 4.250 5.850 .337 1.432
3? 2.710 4.375 5.905 .339 1.483
36 2.720 4.500 5.96O .340 1.530
37 2.720 4.625 5.985 .340 1.573
38 2.720 4.750 6.010 .340 I.615
?9 2.720 4.875 6.060 .340 1.657
40 2.730 5.000 6.095 .341 1.705
4l 2.7^0 5.125 6.120 .342 1.752
42 2.740 5.250 6.130 .342 1.795
?? 2.740 5.375 6.150 .342 I.838
44 2.740 5.500 6.170 .342 1.881
?? 2.730 5.625 6.175 .341 I.918
46 2.730 5.750 6.195 .341 I.960
ft 2.720 5.875 6.190 .340 1.997
48 2.710 6.000 6.185 .349 2.034
49 2.700 6.125 6.180 .337 2.064
|50 2.700 6.250 6.170 .337 2.106
51 2.690 6.375 6.155 .336 2.142
52 2.680 6.500 6.150 -335 2.177
2.6S0
2.640
6.625 6.135 -331 2.192





























































CALCULATION OF BUCKET CENTROID - CONT'D











f 2.560 7.125 6.010 .320 2.280
'
1.923
) 2.550 7.250 5.975 .319 2.310 1.906
) 2.530 7.375 5.955 .316 2.330 1.882
) 2.500 7,500 5.900 .312 2.340 1.841
I 2.480 7.625 5.865 .310 2.363 1.818
) 2.450 7.750 5.825 .306 2.370 1.782
2.410 7.875 5.745 -301, 2.370 1.729
2.380 8.000 5.690 .297 2.376 I.690
5 2.330 8.125 5.615 .291 2.364 1.634
S 2.300 8.250 5.550 .287 2.357 1,593
7 2.250 8.375 5.500 .281 2.353 1.546
& 2.180 8.500 5.390 .272 2.312 1.466
Q 2.120 8.625 5.310 .265 2.285 1.407
X
0 2.060 8.750 5.220 .257 2.248 1.342
1 1.980 8.875 5.115 .247 2.192 I.263
2 1.920 9.000 5.010 .240 2.160 1.202
3 1.810 9.125 4.885 .226 2.062
1.104
4 1.700 9.250 4.750 .212 1.961 1.007
5 1.580 9.375 4.600 .197
1.846 .906
6 1.400 9.500 4.450 .175 1.662 .779
7 1.110 9.625 4.120
.138 1.328 .580
8 .870 9.750 3.985 .108 1.053 .'.430
9 .610 9.875 3.745
.076 .750 .285
0 .400 10.000 3.570 .050 .500
.178
The center of gravity from a particular
reference is defined to be the
summation of each parti oned area times its
perpendicular distance to that
reference, divided by the total area.
x



































CALCULATION OF NOZZLE CENTROID




















































,400 0 .200 .050
,440 0 .220 .055
,450 0 .225 .056
,48o 0 .240 .060
,500 0 ,250 .063
0 .280 .070
,590 0 .295 .074
,6-0 0 .3310 .077
.660 0 .330 .083
700 0 .350 .087
730 0 .365 .091
770 0 .385 .096
810 0 .405 .101
860 0 .430 .108
900 0 .450 .113
970 .010 .490 .120
030 .030 .530 .125
100 .050 .-575 .131
150 .060 .605 .136




350 .110 .730 .150








































































CALCULATION OF NOZZLE CENTROID - CONT'D.
dght of Partition X Area Y XA0 YA
Bottom (in.) (in.2) (in.) (in. 3) (in.3)






.520 1.360 .210 6.375 .286 1.339
.310
.600 1.455 .214 6.500 .311 1.391
.380
.700 1.540 .210 6.625 .323 1.391
.520
.850 1.685 .209 6.750 .352 1.411
.570






.540 1.550 2.045 .124 7.125 .253 0.883
.450
1.900 2.175 .O69 7.250 .150 .500
DTAL 5.7157 '5.091 28.561
In the same manner as for the buckets





























































18 GAUGE SHEET hETAL
SECTION 1 A _____H- D___K_^i____p
1 RIGHT H l_ ;2~1 M 3.2
1 LEFT H /_ \z H JrA
2 RIGHT 14
/_*
H . 4 _3#C
Z LEFT / IS H /. 3.X
3 RIGHT /S ^0 Ii /5 3a
3 LEFT /8 30 16 /a 3.2
TOP M H IZ 12 0
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